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A CHARACTERIZATION OF THE KNEE MOMENT USING THE NIAGARA  
FOOT 
Kerron James 
Thesis Chair: Thomas E. Crippen, Ph.D. 
The University of Texas at Tyler 
July 2013 
A variety of low cost prosthetic feet exist, but sufficient data on these kinds of feet is 
limited. This study evaluated the effects of the Niagara Foot™ on an amputee performing 
walking tasks. Specifically, the study determined the effects of this foot on the amputee’s 
residual knee compared to the amputee’s current prosthetic foot. An active transtibial 
amputee was used to perform walking tasks across a force plate to collect ground reaction 
forces of the amputee while wearing the Niagara Foot and the Ottobock® 1C31+ Trias. 
Motion capture was used to record the amputee’s movements in the room. The data 
collected was used to determine the amputee’s residual limb knee moment with each foot. 
The purpose of this investigation was to further research in the area of prosthetics used in 
developing countries. 
The Niagara Foot is known to cause loading problems on parts of the leg prosthesis. This 
study was conducted to understand the effects the foot has on the knee as loading is 
increased in other parts of the leg prosthesis. Moreover, it was able to 
vii 
 
determine that the Niagara Foot significantly reduces the flexion angle of the knee and  
increases the knee moment at loading response. From observation, the amputee altered 
his gait to complete the walking tasks with the Niagara Foot, which correlates with the 
data collected. In addition, the amputee completed a survey of the foot. His feedback 
stated that the foot is a good low cost solution, but he would not recommend it for long 
term use.
1 
Chapter 1 
Introduction 
 Prosthetics are used as artificial substitutes for limbs. These devices are placed on 
people who have had their limbs removed for various reasons. A person that has had a 
limb removed is called an amputee. Prosthetic limbs are functional and cosmetic devices. 
Specifically, prosthetic feet are mainly functional devices that aid the amputee in 
walking. Several different kinds of prosthetic feet exist because one foot does not fit the 
walking characteristics of every amputee. Walking speed, weight, stride length, and other 
variables are some factors that are unique to each individual amputee. A prosthetist has 
the responsibility to work with the amputee to fit and align a foot that closely matches 
those variables of the individual.   
 Prosthetic limbs have been in existence for over 2000 years. In the past century, 
prosthetic devices have made significant improvements. This first chapter will provide 
information about the history behind prosthetics, types of feet, prosthetic feet in third 
world countries, and prosthetic research that has been conducted. This information will 
present a background for this thesis that will aid in the understanding of the importance 
of this study.
2 
1.1 History of Prosthetics 
Prosthetic limbs have a long and vast history that marks several significant 
improvements that helped propel prosthetics into the functional devices that they are 
today. For example, the materials used for prosthetic limbs over 2000 years ago were 
wood, heavy metal such as iron or steel, and leather. Now, prosthetic limbs can be 
manufactured from, aluminum, plastics, titanium, carbon fiber, and other lighter 
materials. Not only do these materials improve the functionality of the devices, but also 
these materials have helped improve the appearance of the devices. With these 
improvements, the amputee is provided an opportunity to obtain a replica of the natural 
limb that was lost. 
 The earliest known prosthetic limbs found by archaeologists were used by the 
Egyptians. The Egyptians made prosthetic devices out of fiber that were woven together. 
The prosthetic devices were used to provide the amputee with a way to “feel” like they 
still had a whole limb. The Greeks and Romans also developed some early prosthetic 
limbs. During the Punic War, a Roman general, Marcus Sergius, lost his right hand 
(Clements, 2008). He had it replaced with a hand that was made of iron. He returned to 
war to keep fighting, and he used his iron hand to hold his shield during battle. In the 
Dark Ages, artificial limbs were commonly made out of iron. The limbs were used to 
hide the disfigurement of the amputee. Some functional improvements were introduced to 
prosthetic limbs when peg legs and hooks were introduced. These improvements became 
the prosthetic standard for most of history. At the end of the Dark Ages, a German 
mercenary, Gotz von Berlichingen, had a pair of technologically advanced iron hands 
made for him after he lost them in a battle (Norton, 2007). The hands could be 
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manipulated by setting them with the natural hand and moved by relaxing a series of 
releases and springs while being suspended with leather straps.  
 In the early part of the 16
th
 century, Ambroise Paré made some of the first 
significant contributions to the development of modern prosthetic limbs, and he helped 
develop better amputation techniques (The History of Prosthetics). He invented a hinged 
mechanical hand. Moreover, Paré invented a prosthetic leg that featured a locking knee, 
which helped the amputee use a more natural gait while walking. Along with a locking 
knee, he invented a specialized harness attachment. Towards the end of the 16
th
 century, 
Dutch surgeon Pieter Verduyn improved on the locking knee by inventing a non-locking 
knee. He also made a leather cuff with an improved attachment (Norton, 2007).  Dubois 
L. Parmelee made an improvement to limbs by fastening a body socket to the limb with 
atmospheric pressure (The History of Prosthetics). The socket was created so that suction 
pressure would cause the socket to adhere to the limb. He was not the first to do this, but 
he was the first to attain good results from this design. Figure 1 is an example of early 
prosthetic legs.  
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Figure 1. Leg Prostheses 16
th 
Century (John Martin Rare Book Room) 
 The Civil War became the driving force for prosthetic improvements. During this 
time, doctors and surgeons began advertising their prosthetic limb solutions for amputees 
of the war. However, World War II brought more awareness about amputations. The 
number of amputees increased enormously from World War I to II. The soldiers 
demanded that the government do something to improve prosthetic devices. The 
government began making deals with weapon manufacturers to stop producing weapons 
and start producing prosthetic solutions. At this time, significant amounts of money were 
used for research to develop better prosthetic solutions. With a focus to improve 
prosthetic limbs, the National Academy of Sciences established the artificial limb 
program in 1945 (Clements, 2008). This program helped with the advancements of 
materials, computer design methods, and surgical procedures. In 1946, the University of 
California contributed to prosthetic advancement by creating an above knee suction sock 
(Levy).  
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 Modern prosthetics have become so advanced that some may be considered 
bionic rather than prosthetic. Currently, prosthetics use various kinds of electronics, 
materials, and advanced mechanical designs to improve the lives of amputees. This brief 
history provides a background for the purpose of this thesis. The next section will 
breakdown the prosthetic system and discusses the function of each part of the system.  
1.2 Prosthetic System 
This research is about the Niagara Foot™ (Niagara Prosthetics & Orthotics, 
Ontario, Canada), which is a uniquely designed low cost prosthetic foot. However, an 
understanding of the foot in relation to the prosthetic system is very important. Many 
forms of leg amputation exist, but the two major forms are transtibial and transfemoral. A 
transtibial amputee is a person that has lost part of the leg below the knee. A transfemoral 
amputee is an amputee that has lost part of the leg above the knee and below. About 
twenty-eight percent of lower limb loss is transtibial amputation (Amputation statistics by 
cause, 2008). Whenever the doctor performs an amputation, the main purpose of the 
surgery is to keep as much of the leg intact as possible. About 35 years ago, the belief 
was that an amputation had to take place above the knee. However, advances in 
technology and care have changed the doctor’s surgical approach, which is reflected in 
the increase of more amputees maintaining the function of most their leg.  
 Once the amputation is complete, a prosthetist works with the amputee to fit the 
amputee with a prosthetic system that helps the amputee restore ambulation. The 
prosthesis for a transtibial and transfemoral amputee consists of three main components: 
socket, shank or pylon, and ankle/foot. Figure 2 shows the prosthetic system of a 
transtibial amputee. The difference in the transfemoral and transtibial prosthesis is the 
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transfemoral prosthesis has a knee prosthetic that connects the socket and shank. The 
amputee used in this study is a transtibial amputee, so a more in depth discussion of this 
kind of prosthesis will be the focus of this section. 
 
Figure 2. Transtibial Prosthesis 
 The socket is the device that is placed over the amputee’s residual limb, and it is 
the main connection between the residual limb and the rest of the prosthesis. The residual 
limb is the limb that is left after the amputation has taken place. The socket fits over the 
residual limb, so the shape of the socket has to be formed around the amputee’s limb for 
the best fit and comfort. An intermediate socket is used after the amputation. Due to 
swelling and limb atrophy after amputation, this socket allows the residual limb to reach 
a stable volume before the main socket is used. Several studies have been conducted on 
this part of the prosthesis to improve the fit and comfort level of the amputee (Lacroix & 
Patiño, 2011; Lenka & Choudhury, 2011; Zhang & Roberts, 2000). Since the socket has 
the most direct contact with the skin, discoloration, pain, discomfort, and other problems 
Socket 
Shank 
Foot 
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can occur if the socket is not fitted and aligned correctly to the amputee. The socket is 
fabricated from plastic or a flexible material that is supported by a rigid frame, and for 
most amputeess, it is held in place by a suction or vacuum. In addition, some sockets are 
lined with a foam, gel, or soft material to improve the comfort of the amputee. 
 The shank is the next device in the transtibial prosthetic system, and it is designed 
to help transfer the vertical loads of the weight of the amputee from the foot to the floor. 
Two types of shanks exist: endoskeleton and exoskeleton. In the endoskeleton shank, the 
vertical loads of the amputee are carried through a tube, and it can be covered with a 
foam cover so that it appears more lifelike. The exoskeleton shank is designed to carry 
the vertical loads of the amputee through a hollow structure that is shaped like a leg. This 
part of the prosthetic system reinforces the prosthesis. The shank is designed to be as 
light as possible, but it must maintain the structural and mechanical properties necessary 
to handle the various loading issues the amputee will incur.  
 The last part of the prosthesis is the foot, which is the main part of the prosthetic 
system. In the human body, the foot and ankle are used for support and movement. A 
lower limb amputee has lost this function and has to replace it with something similar to 
an original gait. The amputee works with a prosthetist to determine the best foot for their 
needs. Amputees are classified by their activity level from no activity level and needs 
assistance to elite athlete activity level using K0 to K4 to describe these levels. Five types 
of prosthetic feet exist to meet the needs of the different activity levels of an amputee: 
SACH, SAFE, Single-Axis, Multi-axis, and Dynamic Response feet. Each foot is 
specially designed for the activity level of the amputee. If the foot is not properly 
prescribed for the amputee then the amputee could break the foot or it could cause 
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additional gait problems. The types of feet used in the prosthetic system will be described 
in the next section. 
1.3 Types of Prosthetic Feet 
 
Figure 3. SACH Foot (Muilenburg & Wilson, 1996) 
The SACH foot is the most basic type of prosthetic foot. SACH stands for solid 
ankle cushion heel. Figure 3 is a cross section of the foot. This foot is normally 
prescribed to the amputee after surgery as a temporary foot. It is composed of rubber and 
wood with a foam cosmesis on the outside of the foot to give it a more “natural” foot 
appearance. The cosmesis is the outside layer of a prosthesis that helps it look more 
lifelike. This is a very important aspect of prosthetics because an amputee, especially in 
third world countries, wants to look as natural as possible to society. The SACH foot has 
no mechanical parts, so it requires little maintenance. It is the least expensive of all the 
feet, and various designs of this type of foot are utilized in developing countries because 
it is a cheap and simple design. This foot provides good shock absorption during heel 
strike, but it returns less of it at toe off. The main purpose of the foot is to provide 
stability for the knee at mid-stance. The SACH foot is recommended for amputees who 
have a very low activity level and walk at a more constant speed. It is usually 
recommended as the first foot for the amputee. 
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Figure 4. SAFE Foot (Muilenburg & Wilson, 1996) 
The SAFE foot, which stands for stationary attachment flexible endosketal, is 
similar to the SACH foot, but it has a flexible keel rather than a rigid keel. A keel is 
component in the prosthetic foot that bends upward when weight is applied to it. Figure 4 
contains a cross section of the foot. The foot is designed with several flexible, internal 
keels that allow the amputee to walk on uneven terrain. In addition, the flexibility of the 
foot promotes an easy rollover. Even though the foot is more flexible, it still provides 
enough stability during walking and standing. This foot is recommended as the first foot 
for an amputee like the SACH foot. In addition, older people benefit from this foot 
because it weighs less than other types of feet. 
 
Figure 5. Single Axis Foot (Dupes, 2005) 
A Single Axis foot is a prosthesis that allows the foot to dorsiflex and plantarflex. 
Figure 5 shows a cross section of the foot. A mechanism that acts like an ankle joint 
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allows the foot to dorsiflex and plantarflex. Dorsiflexion is upward movement while 
plantarflexion is downward movement. This motion in the foot allows it to contact the 
ground more rapidly than the SACH foot. This causes the ground reaction force line to 
move in front of the knee, which forces the knee into early extension and provides stance 
stability. Since the foot provides good stance stabilization, the foot is recommended for 
transfemoral amputees. The plantarflexion or dorsiflexion is controlled by a rubber 
bumper on either side of the ankle mechanism that limits the movement of the foot in 
each direction. With this motion provided by this foot, it reduces the effort needed to 
control the foot. However, the additional movement in the foot costs more, requires 
maintenance, and weighs more than the SACH foot. In addition, this foot is not designed 
for an active amputee.  
 
Figure 6. Multi-Axis Foot. The Foot Shows a Diagram of Mechanisms used for Various 
Movements of the Foot. (Dupes, 2005) 
The Multi-axis foot provides plantarflexion and dorsiflexion movement like the 
Single-Axis foot, but it also provides inversion and eversion. Figure 6 is an example of 
the foot. Inversion is the rotation of the foot towards the center of the body. Eversion is 
the rotation of the foot away from the center of the body. The additional movement 
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benefits the amputee when it is used on uneven terrain. Moreover, it absorbs torques 
which would otherwise cause shearing in the residual limb with the use of other feet. The 
added movement in the foot increases the weight, cost, and maintenance required for the 
foot. Nevertheless, new designs are being manufactured to reduce the weight and 
maintenance. This foot is designed for a more active amputee who needs a foot that will 
adjust to different movements and speeds quickly. 
 
Figure 7. Two Types of Dynamic Response Feet (Dupes, 2005) 
The last type of prosthetic foot is the Dynamic Response foot. Figure 7 shows a 
cross section of the foot. The foot is designed to store energy when the heel makes 
contact with the ground then it releases the energy causing the amputee to feel a sense of 
“push-off”. Energy storing and return reduces the amount of energy the amputee needs 
during a gait cycle, and it helps the amputee walk more smoothly and naturally. Some 
designs of the foot incorporate a split toe design to give the amputee more stability. This 
foot is a very comfortable and responsive foot, so it is recommended for active amputees. 
Even if the amputee is not very active, the amputee may become more active because of 
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the foot. However, this foot requires sophisticated engineering design along with special 
materials, which significantly increases the cost of this foot.  
1.4 Prosthetics in Developing Countries 
Amputations have not become a major part of society in the United States. 
However, in countries such as Cambodia, India, Afghan, and Mozambique, amputations 
take place on a daily basis frequently because these countries have a major landmine 
problem and/or do not have sufficient medical care to treat diseases. Consequently, 
amputation becomes the best solution for people in these countries. Although an 
amputation takes place to preserve a person’s life that person is seen as useless by society 
because he or she can no longer work to provide for his or her family. Since almost all 
the people in these countries are poor, they cannot afford to pay the price for prosthetics 
produced in the U.S. or any other developed country. The sad news is that these countries 
are only a few examples of developing countries in need of prosthetic care.  
In the U.S., we have made major advancements to control and treat diseases so 
that amputation does not have to be an option. However, in the cases when an amputation 
has to be performed, the country has the necessary resources to provide for those in need 
of prosthetic care. In war-torn countries, landmines are still a dangerous part of life for 
people along with diseases that may cause infection. Due to these conditions, many 
people have lost the use of their leg with a below or above knee amputation. An adequate 
prosthetic leg device is beneficial for an amputee to continue to work and participate in 
society. The U.S. has made vast improvements to prosthetic legs and feet since a sincere 
effort was initiated to improve the performance of prosthetics in 1945 (Wilson, Jr., 1992). 
Now, technological advancements in prosthetic legs and feet have made it possible for 
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these artificial limbs to mimic the natural limb almost verbatim. However, even with 
great advancements in technology for prosthetic legs and feet, high-tech prosthetics along 
with the cost of the devices are not suitable for the environment and society of 
developing countries. Hence, this is the reason a solution for prosthetic devices are so 
vital for developing countries.  
The technology and information that is used to design advanced prosthetics can 
help in the development of affordable prosthetics for those in need. However, 
development of a prosthetic that meets third world standards is very difficult. For 
example, in order for a prosthetic to meet India’s standards of culture and environment, 
the prosthetic must be low cost, locally available, manually fabricated, usable in the local 
climate and working conditions, durable, repairable, reproducible with local production 
personnel and equipment, technically functional, biomechanically appropriate, 
lightweight, adequately cosmetic, and psychosocially acceptable (Craig, 2005). These 
factors stand in the way of development of a quality prosthetic. Nevertheless, suitable 
low cost prosthetic devices have been developed and maintained in these countries. This 
thesis will study the Niagara Foot, and the focus of this thesis will be to understand the 
effects of the foot on the residual limb of a transtibial amputee. 
1.5 Prosthetic Research 
Several studies have been conducted on prosthetic feet concerning different 
aspects to improve design and performance. Hansen has conducted a significant amount 
of research on defining the rollover shape of the foot (Hansen, 2010; Hansen & Wang, 
2010; Hansen & Meier, 2010). In addition, Hansen worked with Childress to characterize 
low cost prosthetic feet by their mechanical properties (Sam, Hansen & Childress, 2004). 
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Ren et al. has added to the rollover research to develop a model that simulates the 
translation of the ankle during gait (Ren et. al., 2010). Fang and Schmalz have studied the 
effects of prosthetic alignment on gait (Fang, Jia & Wang, 2007; Schmalz, Blumentritt & 
Jarasch, 2002). Research that has been conducted to improve energy expenditure in 
amputee gait has helped in the development of dynamic response feet (Czerniecki, Gitter 
& Beck, 1996). 
 The development of dynamic response feet has led to studies on their energy 
storage and return capabilities. Goh conducted a study to compare the Lambda foot to the 
SACH foot, and the study found that the foot had a higher energy storage and return ratio 
than the SACH foot (Goh et. al., 1994). However, the study also concluded that the 
Lambda foot was 60% less efficient than the normal foot. Zmitrewicz, Perry, Rihs et al. 
have also conducted studies on the energy storage and return characteristics of dynamic 
response feet (Zmitrewicz, Neptune, & Sasaki, 2007; Perry & Shanfield, 1993; Hsu et. 
al., 1999; Graham et al., 2007). Moreover, Zmitrewicz and Czerniecki et al. have 
evaluated muscle contributions to study the way amputees use their intact and residual 
muscles in their gait for running and walking (Zmitrewicz, Neptune, & Sasaki, 2007; 
Czerniecki, Gitter & Munro, 1991).  
The above research has led to technological advancements to improve prosthetics 
for individuals. Nevertheless, the costs of these feet bring about a barrier for those in 
need living in low-income countries. Therefore, low cost prosthetic options available 
include the SACH foot, Shape and Roll foot, Jaipur Foot, Niagara Foot™, and others for 
those in need, but limited research is available for these feet. Some studies have been 
conducted with various SACH feet comparing one of those feet to the standard SACH 
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foot. Some research has been conducted on the Jaipur foot since it is a very low cost and 
highly efficient foot (Eaton, Ayers & Gonzalez, 2006; Sam, Hansen & Childress, 2004; 
Kabra & Narayanan, 1991). Andrew Hansen has used the rollover shape method to 
develop the Shape and Roll foot (Hansen & Childress, 2010). Jensen conducted a study 
on prosthetic feet used in developing countries to see if they met ISO 10328 standards 
(Jensen & Treichl, 2007). All of the feet used in the study failed. The Jaipur foot came 
closest to meeting standards. Cummings, Day, and Strait have provided literature reviews 
of prosthetics available to those in developing countries (Cummings, 1996; Day, 1996; 
Strait, 2006). 
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Chapter 2 Gait 
 Walking is one of the most basic human functions, which can be defined as gait. 
Gait can be divided into cycles. A gait cycle is considered from heel strike of one foot to 
the next heel strike of the same foot. A gait cycle is defined the same for an amputee as 
well as a non-amputee. An understanding of normal walking is important to helping an 
amputee restore ambulation with a prosthesis. Gait can be described in three components: 
progression, standing stability, and energy conservation (Perry, 1992).  
First, progression is interpreted as the forward fall of the body weight. This 
forward fall has been reported to be 1.1 to 1.3 times body weight (Rodgers, 1988). In 
addition, progression is generated by the opposite side’s swinging limb.  
The second component of walking is standing stability. Two factors are associated 
with standing stability. First, the body is top heavy, so balance is achieved by altering 
segment alignment while walking. Second, timing and intensity of each muscle’s activity 
are controlled by the body weight in relation to the center of the joint for the muscle.  
The last component of walking is energy conservation, which is the measure of 
efficiency by energy expenditure per task performed. Energy expenditure becomes very 
important in an amputee’s gait. The loss of part or the whole leg forces the body to 
compensate for it. This compensation causes the rest of the body to exert more energy to 
walk, so the development of dynamic response feet has helped the amputee reduce energy 
expenditure.
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Figure 8. Walking Cycle. Initial Contact (IC), Loading Response (LR), Midstance 
(MST), Terminal stance (TST), Preswing (PSw), Initial swing (ISw), Midswing (MSw), 
and Terminal swing (TSw). (Lohman III, Sackiriyas & Swen, 2011) 
 A normal gait cycle can be separated into two main events: stance phase and 
swing phase. Stance phase is about 60% of the gait cycle while swing phase is the other 
40% of it, and each phase is subdivided into more specific events where analysis and 
observations can be made. In addition, within the gait cycle the lower limbs experience 
double stance that is about 10% of the gait cycle occurring at the initial and terminal parts 
of gait. The stance phase can be subdivided into five tasks: initial contact, loading 
response, midstance, terminal stance, and pre-swing. The swing phase can be subdivided 
into three tasks: initial swing, mid-swing, and terminal swing (Perry, 1992). Figure 8 
displays the events of the gait cycle during walking. The specific movements will be 
described in more detail.  
 The stance phase is the majority of the gait cycle. The purpose of the stance phase 
is to allow forward progression while maintaining stability of the body weight. As 
discussed earlier, this phase of gait has five distinct tasks that take place. The first task is 
initial contact. At this point, the heel of the foot has just contacted the ground. Normally, 
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when this task takes place, the heel is at 25 degrees. The knee is extended between 0 and 
5 degrees of flexion, and the hip is flexed at 30 degrees. As soon as initial contact 
happens, at this moment, the body weight drops toward the ground creating a vertical 
reaction that passes through the heel, which is anterior to the knee and the hip. This 
vertical reaction force generates 3 torques or moments that cause ankle plantar flexion, 
knee extension, and hip flexion.  
 Once initial contact has taken place, the lower limbs begin to adjust and respond 
to the weight of the person. This task in the stance phase is the loading response. The 
purpose of this task is to maintain limb stability but still allow forward progression. After 
the heel has contacted the ground, the foot starts to go into 10 degrees of plantarflexion in 
a controlled manner, and the pretibial muscles are activated. These muscles help restrain 
the terminal arc of the ankle as it plantar flexes so that the foot makes gradual contact 
with the ground. The knee goes into 15 degrees of flexion at this point, which is initiated 
by a heel rocker action. During this task, the hip has not experienced much change in 
motion. 
 Once the lower body has adjusted and accepted the weight of the person, the 
lower body must advance the rest of the body forward. At this point, the person has 
reached midstance. The center of gravity has moved toward its highest position in the gait 
cycle as the person moves to full single limb support. In this task, the goal of movement 
is to advance the body and the leg over the stationary foot while maintaining balance on 
the leg. The ankle becomes slightly plantarflexed but begins progressing into a gradual 
dorsiflexion. At the knee, the flexion that took place during loading response continues to 
increase and reaches a maximum of 18 degrees just as single limb support commences. 
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As the limb reaches the middle of midstance, the body weight of the person moves 
anterior to the joint center of the knee, and an extensor moment begins forming. The 
quadriceps are fully activated at midstance, and the hip has moved from flexion to 
extension.  
 The next task that takes place is the terminal stance, which can be defined as a 
forward fall to generate a propulsive force. At this point, the heel is advancing upward; 
the limb begins entering the swing phase of the gait cycle. As the heel rises, the ankle 
experiences maximum dorsiflexion of 10 degrees occurring in the stance phase. Then 
immediately the motion reverses, and the ankle is at 5 degrees of plantarflexion at the end 
of limb support. In the foot, the dorsiflexion torque is generated through the mid foot. To 
help stabilize the limb during terminal stance the ankle inverts. As terminal stance ends, 
forward alignment of the person’s body weight passively extends the knee, while at the 
hip passive extension continues.   
 The last task of the stance phase of gait is pre-swing. The objective of this task is 
to prepare the limb to swing forward. At this time, the knee moves into rapid passive 
flexion to 40 degrees. Then flexion of the hip joint begins. As the knee and hip prepare 
for swing, the ankle and foot follow with a rapid ankle plantarflexion to 20 degrees.  
 As pre-swing comes to an end, the limb is now prepared to move forward. This 
moves the limb into the next phase of the gait cycle, which is the swing phase of gait. The 
main objective of the swing phase of gait is to lift the foot, advance the limb, and prepare 
for stance. The swing phase begins with the initial swing of the limb. In the initial swing, 
the hip rapidly flexes to 20 degrees. The knee continues flexion from pre-swing by 
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flexing 20 more degrees to allow for toe clearance. The ankle starts dorsiflexion, but then 
immediately begins plantarflexion to about 10 degrees.  
 The limb now advances into the mid-swing task. In this task, as the tibia moves 
upward, foot control is important so that the toe does not drag on the ground. The 
movement in this task has the hip at a maximum of 30 degrees flexion that is obtained 
with the continuous activation of the iliacus muscle. The flexor muscles in the knee relax, 
and the knee is allowed to extend passively. At the end of mid-swing, the knee and hip 
are both at 30 degrees of flexion, and the tibia is in a vertical position. The ankle 
dorsiflexes into a neutral position and maintains this position going into terminal swing.  
 The last task of the swing phase is the termination of the swinging limb and 
preparation for heel strike of the same limb. This task is known as terminal swing. The 
hip maintains the 30 degrees of flexion from mid-swing. The knee continues to extend to 
a neutral position between 0 and -5 degrees under active control. The ankle maintains the 
neutral position from midstance. The limb has terminated the swing phase and is prepared 
to initiate the stance phase again.  
2.1 Gait Analysis 
An understanding of the events that take place during the gait cycle is beneficial 
to conducting a thorough gait analysis. Gait analysis is a process that measures, 
calculates, and analyzes kinematic and kinetic data to describe these events. Kinematics 
is the study of the motion of a body or system of bodies, and Kinetics is the study of the 
forces that cause movements. The kinematic and kinetic data collected from these events 
are joint movement, muscular activity, stride characteristics, pedobarography, and energy 
consumption (Lee & Pollo, 2001). 
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Figure 9. Example of Ground Reaction Forces in Walking. Vertical (Fz), Medial/Lateral 
(Fx), Anterior/Posterior (Fy) (Mesani, K., Kouzaki, K., & Fukunaga, T., 2000) 
The importance of gait analysis is to determine how to correct deficiencies or 
pathologies that occur in gait. Specific characteristics such as velocity, cadence or step 
rate, stride length, step length, step width, swing and stance duration, and foot support 
pattern are monitored for pathologies. For example, Winter conducted a study on gait and 
figured an average cadence range was between 101 to 122 steps/min (Rodgers, 1988). In 
addition, women have a higher natural cadence than men.  Gait characteristics can be 
used for evaluation of a disability to determine if a person’s gait is improving or 
worsening. Motion analysis and force plate equipment are used to measure these 
characteristics.  
Motion analysis is used to obtain the magnitude and timing of joint motion, and a 
force plate is used to measure the reaction forces from the person. Figure 9 is an example 
of the ground reaction forces during normal walking. Kinematic and kinetic data are 
combined to calculate moments, power, and energy absorbed during gait. In the ground 
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reaction force waveform produced from a force plate, body mass and acceleration are key 
contributors to the first peak of the vertical ground reaction force wave while the ankle 
plantar flexors contribute to the second peak of the wave. Knee flexion plays a role in the 
trough that is developed in the wave during foot flat.   
 
Figure 10 A. Free Body Diagram of the Forces and Moments Acting on a Single 
Segment. B. The Equations that Govern the Free Body Diagram of the Segment. (Winter, 
2009) 
Moments can be calculated using the equations of motion and a free body 
diagram of each segment of the lower limb, as in Figure 10, while equations of work and 
energy are used to calculate power and energy. Specifically, moments are calculated at 
the joints, and the data calculated is used to describe the involvement and compression in 
the joint.  In the knee, three moments of force are necessary to control the knee angle: 
hip, knee, and ankle (Winter, 1983). The moments calculated at each joint are the result 
of an algebraic sum of forces generated by 15 muscles in the leg.  The moment of force is 
calculated by combining ground reaction forces with inertial and gravitational forces 
acting under the foot to give the horizontal and vertical reaction forces at the ankle. A 
sum of all moments of force is calculated at the center of mass of the foot which provides 
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the moment of force at the ankle. The moment of force and the reaction forces at the 
ankle are used to calculate the moment of force at the knee and hip. Winter and 
Robertson have made important contributions to calculating joint moments of force and 
energy patterns during walking (Rodgers, 1988; Winter, 1983). 
2.2 Amputee Gait Analysis 
Amputee gait analysis is conducted similar to a normal gait analysis. Most 
amputee gait analysis is done by observation as the amputee is fitted and begins walking 
with the help of a prosthetist. Most prosthetist facilities do not contain equipment to 
conduct a kinematic and kinetic gait analysis. The main focus of the prothetist is to 
minimize the cause for gait deviations in the amputee through observation, identification, 
and determination of the deviations.  
In normal gait, the main characteristic is symmetry. The body performs the same 
movements on both sides of the body throughout the gait. However, an amputee has lost 
this symmetry, and an asymmetrical gait pattern replaces the symmetrical pattern. Gait 
deviations can be caused by the amputee or the prosthesis. A list of non-prosthesis issues 
can be found in Table 1. 
Table 1. List of Non-Prosthesis Issues 
Non-prosthesis issues: 
 Restricted range of motion in joints 
 Muscular weaknesses 
 Concomitant medical conditions  
 Excessive fear 
 Old habit patterns 
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 The amputee used in this study was a transtibial amputee, so gait issues this 
person would face will be discussed. An amputee may experience excessive or 
absent/insufficient knee flexion at heel strike or midstance. Normally, after heel strike, 
the knee flexes between 15 and 20 degrees until the sole of the foot is flat on the ground. 
A transtibial amputee may exceed this range of knee flexion for the following reasons. 
First, if the amputee experiences excessive dorsiflexion of the foot or excessive anterior 
tilt of the socket, excessive knee flexion will occur. Second, an excessively stiff heel 
cushion or plantarflexion bumper will cause excessive knee flexion. Third, excessive 
anterior displacement of the socket over the foot can cause excessive knee flexion, which 
can be seen in Figure 11. Fourth, flexure contracture or posterior misplacement of the 
suspension tabs can cause excessive knee flexion. Flexure contracture is the failure to 
straighten or extend at the joint. 
 
Figure 11. Excessive Anterior Displacement of the Socket Over the Foot. (Perry, 1992) 
 Normally the contact of the sole with the ground is approximately at the end of 
knee flexion and knee extension begins. However, this event may not occur in a 
transtibial amputee. Instead, the amputee may have insufficient or no knee flexion. This 
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can happen because of excessive plantarflexion of the foot, excessively soft heel cushion, 
weakness of the quadriceps muscle, and habit. In addition, posterior displacement of the 
socket over the foot and anterodistal discomfort can cause absent or insufficient knee 
flexion.  
 At midstance, the amputee may experience excessive lateral thrust of the 
prosthesis. In addition, the amputee may face excessive medial placement of the 
prosthetic foot and abducted socket. Between midstance and toe-off, normally, the knee 
is extending prior to the heel leaving the ground. Immediately thereafter, the knee starts 
flexing after the heel leaves the ground. However, in an amputee’s gait, early knee 
flexion may take place during this event because of excessive anterior displacement of 
the socket over the foot and a soft dorsiflexion bumper. In addition, posterior 
displacement of the toe-breaker or the keel may cause early knee flexion. Excessive 
dorsiflexion of the foot or excessive anterior tilt of the socket may be some other 
contributors to early knee flexion.  
 Delayed knee flexion may take place between midstance and toe-off for a 
transtibial amputee. Excessive posterior displacement of the socket over the foot may 
contribute, and anterior displacement of the toe-break or the keel can also cause delayed 
knee flexion. Excessive plantarflexion of the foot or excessive posterior tilt of the socket 
can be reasons for delayed knee flexion. In addition, a hard dorsiflexion bumper is 
another contributor to delayed knee flexion. 
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Chapter 3 Niagara Foot 
 
Figure 12. Niagara Foot 
 The Niagara Foot is a dynamic response foot that is available as a low cost 
prosthetic foot. The foot evolved in conjunction with the landmine victims relief program 
of The Canadian Centre for Mine Action Technology (Ziolo & Bryant, 2002). Recently, 
Niagara Prosthetic and Orthotics introduced the Niagara Foot Model 2™. This foot is the 
same basic design, but the mechanical characteristics of the foot were improved for 
functionality. One major improvement of the Niagara Model 2 foot was that the length of 
the foot can be adjusted for the amputee. In addition, the foot uses a new kind of material 
that enhances its response to the amputee. The foot was not available at the time the study 
began on the Niagara Foot Model 1™. Possible future research could be to conduct a 
study to compare the Model 1 to the Model 2 to see if the Model 2 has improved the 
functional and mechanical characteristics over the Model 1. The Niagara Foot Model 2 is 
still very new and not much research has been conducted on the foot to date.
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  The Niagara Foot Model 1 has been in existence long enough for some research 
and several field trials to be conducted on the foot. The Niagara Foot Model 1, which will 
be referred to as the Niagara Foot for the rest of this thesis, is a one piece design that is 
available in only one size. The foot is uniquely engineered as one piece with specific 
parts of the foot enhanced mechanically to store and return energy to the amputee during 
gait. The foot is pictured in Figure 12. The final design of the foot represents a 
considerable amount of time and work spent to develop a foot that can mimic the human 
foot. Several design iterations, simulations, and mathematical calculations contributed to 
the final design (Beshai & Bryant, 2003). 
ISO standard 10328 was used as the testing standard for the model of the foot. 
The standard specifies procedures for the minimum requirements that a prosthetic foot 
must meet. The specifications in the standard are based on research and testing of the 
normal gait to develop average loading requirements to meet static and cyclic testing. The 
engineers of the foot specifically worked with DuPont™ to develop a material that would 
be durable and impact resistant to loading to meet these requirements (Beshai & Bryant, 
2003). For amputees who walk barefoot or wear work boots, this foot is ideal to meet 
their needs for those activities. The foot comes with a foot cover to conceal the keel of 
the foot and to give it a more natural look. 
3.1 Background of Niagara Foot Research 
 The Niagara Foot is an advanced foot for developing countries, so several field 
trials and studies have been conducted on the foot. The information collected from these 
studies has been used to compare it to available low cost prosthetic feet to understand the 
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benefits of the foot over other available low cost prosthetic feet. Once the design of the 
foot was complete, a study on the foot was completed.  
 In 2001, a team visited a hospital in Thailand. The team recruited 15 patients to 
test the foot for feedback and the performance of the foot in the environment. Information 
was recorded in Thailand for 3, 6, and 12 months. A report of the evaluation of the foot in 
Thailand recorded the amputee’s responses to the Niagara Foot. In the study, the 
researchers discovered that the Niagara Foot increased the loading on other parts of the 
prosthetic system (Beshai & Bryant, 2003). The report suggested that the foot not be used 
with an older prosthetic system because it could break it.  
 All of the patients in the study wore the SACH foot. When the patient started 
using the Niagara Foot, they could immediately appreciate the biomechanical advantage 
of the foot over the SACH foot. However, at first, the patients did not feel as stable 
standing in the Niagara Foot over the SACH foot because the Niagara Foot is more 
flexible. Once the patients were able to adjust to the flexibility, the patients preferred the 
stability of the Niagara Foot over the SACH foot. In addition, the patients were more 
satisfied with the Niagara Foot because it felt softer and lighter than the SACH foot. 
Nevertheless, the shortcoming of the foot was that it was too big to fit inside the patient’s 
shoe, and the cosmesis of the foot was not appealing to the patient. In Thailand, society 
disregards a person with a disability such as an amputation. The appearance of the foot is 
very important for the patient to be accepted.  
 After the team followed up with the patients at three months, six months, and one 
year, the patients were able to clearly experience the mechanical advantages of the foot 
over the SACH foot. The patients enjoyed the energy storage and return the foot offered 
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because it decreased the muscular energy expended during walking. At the time, the 
flexibility of the heel was a concern for some patients, but as will be discussed later in 
this thesis, the heel stiffness for the amputee was too stiff. The overall results of the study 
showed that the foot performed well during the trials. No failures took place. In the 
contact regions, limited wear was seen. A small permanent upward deformation was 
discovered in the heel of the patients.  
3.2 Niagara Foot Research 
 The field trials conducted showed promise for a good low cost solution, but 
research has been conducted to test the foot compared to other low cost solutions. A 
student at the University of Wisconsin-Madison did a stiffness analysis of the Niagara 
Foot for repeatability. The student did mechanical testing of the foot then setup a model 
of the foot in FEA software to simulate the mechanical test for correlation. However, the 
FEA results and mechanical testing did not correlate (Schmitz, 2007).  
At Queen’s University, Potter conducted a study of the Niagara Foot versus the 
SAFE foot to see if there were any problematic gait differences in the Niagara Foot 
(Potter, 2000). He used five below knee amputees to conduct his study, and he compared 
each foot by time distance parameters, gait curve patterns, gait curve parameters, and a 
subjective questionnaire. In the study, he found that the stance ratio was smaller in the 
Niagara Foot. The peak anterior/posterior moment in the knee was lower in the Niagara 
Foot. The maximum lateral/medial moment occurred earlier in the gait cycle. Ankle 
dorsiflexion in the Niagara Foot was produced at a higher degree. The Niagara Foot 
produced a smaller braking impulse, and it produced a smaller propulsive impulse. In 
addition, the Niagara Foot produced a higher vertical ground reaction force peak and a 
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lower ground reaction force slope. He believed that this implied that the foot absorbs less 
energy, but it does it over a longer period of time. The differences that were found in the 
gait patterns were not deemed problematic. 
A fatigue tester was developed to test the Niagara Foot (Ziolo, Zdero & Bryant, 
2001). When the Niagara Foot was designed, the researchers tested the design by using 
ISO standard 10328. The standard specifies the foot had to be tested with a range 50-970 
N for 3,000,000 cycles at 1 Hz cycling frequency. The tester was designed to provide a 
heel strike and toe-off at fifteen degrees and twenty degrees according to the ISO 
standard 10328, and it tested the foot with the given specifications. However, in the 
report, the Niagara Foot was not tested to these specs. The foot was only cycled up to 
63,000 cycles, and it did not show any signs of wear or fatigue.  
Research has been conducted on the Niagara Foot in comparison to other low cost 
prosthetic feet. At LeTourneau University, a study was conducted to compare the roll 
over shape of low cost prosthetic feet to the biological foot (Eaton, D., Ayers, S., & 
Gonzalez, R., 2006). In comparison to the biological foot, the Niagara Foot had a larger 
arc length but smaller radius. 
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Chapter 4 Methods 
4.1 The Amputee 
 Before the research could begin, the amputee signed a consent form explaining 
the purpose and importance of the research. The form is in Appendix L. The amputee 
agreed to the testing without any issues. The research was performed at the biomechanics 
laboratory at the University of Texas at Tyler. The amputee was recruited through the 
help of a prosthetist. He chose an amputee that would be able to adjust to the foot quickly 
as well as give feedback on the response of the foot. The amputee is a K3 level traumatic 
amputee, who has been an amputee for three years. This amputee is very active. The next 
level is K4, which is compared to an elite athlete in terms of activity level. The amputee 
is 59 years old and weighs 67.13 kg. The weight of the amputee is very important 
because the Niagara Foot was designed to an upper weight limit of about 70 kg. The 
weight was not an issue during the study since the amputee met the weight limits. 
However, in order to conduct the study, the amputee had to use a separate prosthetic 
system that had an intermediate socket, shank, and Niagara Foot attached to it. 
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Figure 13. Ottobock 1C31+ Trias 
The amputee’s current prosthetic foot was the Ottobock 1C31+ Trias® foot 
(Ottobock, Duderstadt, Germany) in Figure 13. This foot is categorized as a dynamic 
response foot. The foot is designed with two springs in the heel and forefoot. The heel 
springs provide good shock absorption, and the combination of the forefoot and heel 
springs contribute to a more natural rollover. The foot is designed to help the amputee 
walk with secure and controlled movements as the amputee walks over various terrain 
and different walking speeds. In the 1C31+ Trias foot, when the amputee heel strikes, the 
heel cushions the impact and simultaneously supports the plantarflexion of the foot. As 
the amputee enters midstance, the leg moves forward, and the base spring deforms 
allowing it to transfer energy from heel strike to the forefoot. As the leg continues to 
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move forward, the forefoot reacts to the energy transfer by dorsiflexing briefly then 
plantarflexes to return the energy to the amputee for toe-off. The 1C31+ Trias is known 
for providing good energy return during gait. In addition, when the foot reaches the later 
part of the stance phase, both springs work together to provide stability.  
 
Figure 14. Prosthetic Foot Alignment 
4.2 Prosthetic Alignment 
 As mentioned in the section on the amputee, the Niagara Foot was setup on a 
separate prosthesis. The prosthesis had the socket, shank, and the Niagara Foot attached. 
Figure 14 shows the amputee working with the prosthetist to realign the foot. With the 
foot on a separate prosthesis, the amputee could swap out his current prosthesis with the 
Niagara Foot prosthesis. The shank was set to 5 degrees flexion initially. This offset 
helped the amputee use less energy to transfer the body weight over the foot.  
An issue the amputee experienced with the Niagara Foot was that it did not have 
any heel height. The height of the foot had to be adjusted to match the length of the sound 
side. The Ottobock 1C31+ Trias is designed with an elevated heel, so the height of the 
shank would need to be adjusted to match the sound side. With the Niagara Foot, the 
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shank had to be extended, and wedges were placed under the heel of the Niagara Foot to 
raise the heel of the foot.  
When the amputee wore the Niagara Foot, he did some preliminary walking 
around the room to adapt to the foot.  During the adaption period, the amputee started to 
experience pain in the residual limb. The socket that was being used with the Niagara 
Foot was a little bit larger than the amputee’s current socket. The socket could still be 
used, but the amputee had to wear more socket liners, and he put some socks inside the 
socket for additional comfort. The amputee was able to ambulate with minor discomfort 
once these adjustments were made to the socket.  
As the amputee walked in the foot, he started experiencing foot slap. Foot slap is 
when the foot is being inadequately compressed causing the foot to plantarflex quickly 
into midstance. The prosthetist tried to eliminate the foot slap by extending the shank. 
The shank on the prosthesis is the most important part of the alignment process. The 
shank helps the prosthetist determine the adjustments that need to be made after 
observing the amputee’s movements. In this study, the prosthetist tried to eliminate the 
foot slap by extending the shank. This forces the shank to provide more resistance to the 
foot wanting to plantarflex so rapidly. With the shank more extended, the amputee has a 
more natural rollover that allows him to transition into midstance.  
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4.3 Instrumentation 
 
Figure 15. Force Plate 
4.3.1 Force Plate 
 All testing was conducted in the Biomechanics Laboratory in the University of 
Texas at Tyler’s Department of Health and Kinesiology. A Kistler 9287CA, in Figure 15, 
force plate was used to record the ground reaction forces. The characteristics of the force 
plate are 900 mm x 600 mm aluminum sandwich top plate with four built-in piezoelectric 
3-component force sensors. This force plate will record the forces exerted by the amputee 
at a sampling rate of 750 Hz in the x and y directions and 520 Hz in the z direction. The 
force plate is aligned evenly with the floor, and it collects the data from each trial then 
sends the data to the computer. The raw data for the forces collected is converted from 
volts to Newtons in Peak Motus.  
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Figure 16. Motion Capture System 
4.3.2 Motion Capture 
 The movements of the amputee are recorded using a 2D Peak Motus motion 
capture system (Vicon Motus, Centennial, CO), which can be seen in Figure 16. Peak 
Motus was used to collect the data of each marker as it was tracked. The system is setup 
by calibrating a frame of reference into Peak Motus using a camcorder. Reflective 
markers are placed on the amputee, and the program tracks the movements of the markers 
in space relative to the frame of reference given. A linked segment model of the amputee 
being tracked is setup in Peak Motus to calculate kinematic data of the amputee’s 
movements.  
Reflective markers were used to track the amputee during each walking trial. 
Figure 17 shows the location of each reflective marker. The location of each marker was 
determined by defining the distal and proximal ends of each segment, which correlates 
with the link segment model in Peak Motus. Winter describes the placement of markers 
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to define limb segments, which allows the researcher to calculate kinematic data (Winter, 
2009). The markers placed on the prosthesis were estimated based off of the sound limb. 
 
Figure 17. Reflective Marker Placement 
One marker was placed on the shoulder and hip. One marker was placed on the 
lateral side of the right knee, and another marker was placed toward the bottom of the 
socket to define the distal end of the socket and proximal end of the shank. The next 
marker was placed on the distal end of the shank. Three markers were used to define the 
foot. One was placed on the heel, the ankle, and toe. Each marker was placed on the right 
lateral side of the amputee.  
The amputee was notified when the program was ready to record. He signaled that 
he was ready, and the program tracked the amputee’s movements. A successful trial was 
completed when the amputee was able to perform heel strike to toe off with the affected 
limb.    
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4.3.3 Amputee Survey 
 Collection of kinematic and kinetic data provides information to help assess the 
amputee’s gait. However, the data does not fully contribute to the amputee’s perception 
of the foot. After the trials were completed, the amputee was asked to complete a survey 
about the Niagara Foot. A sample of the survey can be seen in Appendix H. The 
questions were basic questions about the functionality, appearance, and response of the 
foot compared to his current foot. The results of the survey will be discussed later.  
4.4 Walking Trials 
 The amputee was asked to walk across the room while trying to land his right foot 
on the center of the force plate. The center of the force plate was marked with an “X”. 
Before the amputee began the walking trials to collect data, he had to practice landing on 
the “X”. However, during the practice, his strides were not long enough for his affected 
side to land on the center of the “X” each time and clear the force plate with his 
unaffected limb. The amputee had to lengthen his stride a little bit so that the force plate 
could record the data correctly. During the trials, adjustments had to be made to account 
for the amputee’s stride length. This issue occurred with both prosthetic feet, but the 
amputee had more difficulty with his stride in the Niagara Foot than his current prosthetic 
foot.   
4.5 Data Analysis 
 After 7 walking trials were completed, the kinematic and kinetic data collected 
from the trials were filtered and analyzed. The data were filtered using a Butterworth 
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filter with a cutoff frequency of 4 Hz. In order to calculate the moment of the knee, the 
anthropometry and weights of the amputee and prostheses were collected to calculate the 
moment of the knee. Winter’s approach for determining the moment of inertia of limb 
segments was applied to the foot and lower leg to calculate the moment of inertia and 
center of mass (Winter, 2009). Tan developed equations for 2D analysis which were 
setup in MATLAB to solve for the knee moment in the sagittal plane (Tan, 2009). The 
MATLAB script used to generate each graph can be seen in Appendix K. The values 
calculated were placed in Excel to determine averages and generate graphs of all the 
trials. 
 Once the video of each trial was recorded, the video was digitized by tracking the 
markers through the room to calculate the kinematic characteristics of the amputee. The 
frame of the video was selected when the amputee began to approach the force plate. This 
frame was marked, and it was called “Mark in” on the program. The next frame selected 
would be called the “Mark out” frame. This is the frame when the amputee was no longer 
seen by the camera. All of the recorded video between the Mark in and Mark out frame 
was kept. This video was cropped to only calculate the samples collected in this time 
frame. After the video was cropped, the video was digitized to track the markers on the 
amputee. 
 The tracking was set to Setup Mode. In this mode, the markers were identified as 
the points listed in the Points category in the Spatial Model of Peak Motus. Each point 
was labeled in accordance with the marker location on the prosthesis. For example, the 
connection between the shank and the prosthetic foot was called the ankle. A marker was 
placed at this location, and it was identified in the program as the ankle. Setup Mode was 
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used to identify each marker. This meant that the marker would be tracked frame by 
frame throughout the captured video. If the marker was not seen, then the approximate 
location of the marker was identified by manually tracking the point. 
 After the points were digitized, the user went through a process wizard in the 
program, which asked a series of questions to understand how the user wanted the data 
collected to be processed. Then the user would select to Process All the data collected. 
The kinetic, kinematic, scaled and raw coordinates and raw analog data were processed. 
The user would setup a report to output the information collected.
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Chapter 5 Results and Discussion 
The objective of this thesis was to determine the effects of the Niagara Foot on a 
transtibial amputee’s knee. The foot is known to cause loading problems on parts of the 
prosthetic system (Beshai & Bryant, 2003). This study measured the ground reaction 
forces along with kinematic variables and solved for the moment at the knee. However, 
due to the limitations of the equipment used, this thesis will mainly focus on the knee 
moment in the sagittal plane using 2D analysis. 
5.1 Limitations 
Peak Motus 2D motion analysis used for this study was only able to collect the 
kinematic data in 2D, and even though the force plate was capable of collecting forces in 
three directions, only two directions (Vertical and Anterior/ Posterior) will be needed to 
determine the moment at the knee. Since the moment at the knee will only be evaluated 
in the sagittal plane, the moment and force equations can be reduced to their scalar forms 
and calculated (Tan, 2009). The link segment approach used by Winter along with 2D 
ankle and knee moment equations determined by Tan will be used to evaluate the 
moment at the knee (Winter, 2009; Tan, 2009). The anthropometric values for the 
Niagara Foot and Ottobock 1C31+ Trias can be seen in appendices I and J.  
Another limitation of this study was the amputee. The amputee performed the 
walking tasks as directed, but the length of his stride limited his ability to consistently 
strike the force plate with only the affected side. Several trials were collected on the day 
of the study for each foot. However, when evaluation of the data was conducted, the trials
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showed that the amputee struck the force plate several times with both feet. During the 
study, this issue was noticed, and the amputee was directed to do his best to clear the 
force plate with the swinging limb, but the issue was not visible at all times until the 
analysis of the data was completed. This reduced the number of trials that could be used 
in this study to three for each foot. Both feet striking the force plate affects the output of 
the ground reaction forces. Even though those trials cannot be used, those trials will still 
be added to the Appendix G to show the output of the ground reaction forces due to both 
feet striking the force plate. 
5.2 Ground Reaction Forces 
5.2.1 Vertical Ground Reaction Forces 
 During the study, the amputee began the walking trials with the Ottobock 1C31+ 
Trias. The vertical ground reaction forces for the amputee in this foot can be seen in 
Figure 18. These forces act vertically in the sagittal plane. The figure shows all three 
trials of the vertical ground reaction forces collected.  In the appendices A-F, each trial 
can be seen individually for each foot with the corresponding percent of stance phase for 
that trial.  The amputee displays consistent vertical ground reaction forces from heel 
strike to toe off with his current prosthetic foot. This is expected because the amputee 
uses this foot every day. In Trial 1, the amputee remains in contact with the force plate 
longer than he does in Trial 2 and 3. This is one of the first trials completed during the 
day. Even though the amputee practiced striking the force plate beforehand, in this trial, 
he was trying to make a conscious effort to strike the force plate in the middle and clear 
the other side of the plate with his swinging limb. His stance phase increased while trying 
to maintain stability and allow time for his swinging limb to pass to the other side.  Even 
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though the amputee had to adjust his gait for a successful trial, it did not affect the 
amount of force that he applied during that trial.  
 
Figure 18. Ottobock 1C31+ Trias- Vertical Ground Reaction Force 
 The vertical ground reaction forces in the Niagara Foot can be seen in Figure 19. 
The amputee did not have much time to adapt to this foot. After the amputee was fitted 
with the foot, he practiced walking around the room for a period of time then the testing 
began. However, the amputee adjusted well to the foot, and he was able to give good 
feedback to the prosthetist for adjustments that needed to be made. In Figure 19, you can 
see in Trial 2 and 3 that the amputee also displays consistency through each trial. Trial 1 
is a graph of the raw data converted from volts to Newtons. Peak Motus would not output 
a smoothed graph of the ground reaction forces, so each ground reaction force is not 
smoothed. In this trial, the amputee strikes the force plate with greater force and spends 
more time in the stance phase on his affected limb. The amputee’s time in midstance is 
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reduced in Trial 2 and 3. Similar ground reaction force results have been found in other 
studies with the Niagara Foot (Wellens, 2011; Potter, 2000). 
 
Figure 19. Niagara Foot- Vertical Ground Reaction Force 
Table 2 shows the forces generated at loading response, midstance, and push-off. 
The low number of trials limits the ability to determine the statistical significance of the 
forces generated during each task. However, the average loading response in the Niagara 
Foot (649.50 N) is about the same as the 1C31+ Trias (651.89 N). In midstance, the 
amputee generates a lower average force in the Niagara Foot (585.33 N) than in the 
Ottobock 1C31+ Trias (615.24 N), which could be attributed to the stiffness of the foot. 
The increased stiffness of the foot reduced the load the amputee placed on the foot in 
midstance. The amputee is able to create a higher average push-off with the Niagara Foot 
(654.01 N) than the Ottobock 1C31+ Trias (625.21 N).
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Table 2. Maximum Vertical Force 
Maximum Vertical Force (N) 
  Loading Response Midstance Push-off 
  
Ottobock 
1C31+ Trias 
Niagara 
Foot 
Ottobock 
1C31+ Trias 
Niagara 
Foot 
Ottobock 
1C31+ Trias 
Niagara 
Foot 
Trial 1 645.67 713.78 615.80 581.28 619.65 729.80 
Trial 2 641.32 617.24 608.32 580.72 631.34 632.07 
Trial 3 668.68 617.49 621.60 593.99 624.64 600.16 
Average 651.89 649.50 615.24 585.33 625.21 654.01 
 
5.2.2 Anterior/ Posterior Ground Reaction Forces 
 The anterior/ posterior ground reaction forces for the amputee wearing the 
Ottobock 1C31+ Trias can be seen in Figure 20. The anterior/ posterior forces are 
generated from the braking and propelling forces generated as the body moves in the 
forward direction. The posterior force is produced when the amputee contacts the ground 
with the heel of the foot. As soon as the amputee makes contact with the heel of the foot, 
a force acts in the opposite direction of travel of the foot to slow the foot down, which 
can be referred to as the braking force. As the amputee continues to move forward, a 
propulsive force is generated to propel the amputee forward.  
The negative value displayed in the graph is the braking force generated by the 
amputee, and the positive value is the propulsive force produced during push-off. In the 
data produced, the amputee displays a consistent braking and propelling force. In the 
amputee’s current prosthetic leg, he shows symmetry between the braking and propulsion 
force within each trial, which is the main purpose of the foot’s design according to the 
website (“1C31 Trias+”). The muscles in the amputee’s leg may have to use less energy 
to move from heel strike to toe off because about the same amount of force is generated 
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at both instances. However, energy values were not determined in this study that would 
correlate with that observation. 
 
Figure 20. Ottobock 1C31+ Trias- Anterior/ Posterior Ground Reaction Force. -Posterior/ 
+Anterior 
 The forces generated in the anterior/posterior direction with the Niagara Foot 
shows a completely different outcome. These forces can be seen in Figure 21. In the 
Niagara Foot, the amputee created a smaller average posterior force than in his current 
foot, but he created a higher average propulsive force to push off of the force plate than 
he did with the Ottobock 1C31+ Trias. Consequently, the amputee most likely had to use 
more energy to walk in this foot than his current foot. However, this was not determined 
in this study. The anterior/posterior forces generated correlates with results that Potter 
found in his study of the Niagara Foot (Potter, 2000).The reduction in the posterior 
ground reaction forces could be contributed to the amputee’s foot slipping during testing 
or the stiffness of the material (Fey, Klute & Neptune, 2011).  
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The Niagara Foot has a very smooth surface on the sole of the foot, so Sole Saver 
was applied to the foot to increase traction during the study. However, the amputee still 
experienced his foot slipping while walking. In addition to the smooth surface, the 
Niagara Foot is also made of a very hard material. As the amputee struck the ground with 
his heel the foot provided little shock absorption, which reduces the posterior force 
generated (Rietman, Postema & Geertzen, 2002). In the 1C31+ Trias, the foot is designed 
with a spring in the heel and forefoot to provide shock absorption and to assist with 
propulsion during push off. The foot uses a uniquely designed base plate to connect the 
two springs. The energy used at heel strike is transferred along the plate to the toe for 
push-off. 
 
Figure 21. Niagara Foot- Anterior/Posterior Ground Reaction Force. -Posterior/ 
+Anterior 
 Table 3 shows the maximum anterior/posterior force values. The average anterior 
force is higher in the Niagara Foot (82.71 N) than the Ottobock 1C31+ Trias (64.91 N). 
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However, in Trials 2 and 3 the anterior force is significantly lower with the Niagara Foot 
than the 1C31+ Trias. The average posterior force is higher with the 1C31+ Trias (-55.69 
N) than the Niagara Foot (-48.66 N). In Trials 2 and 3, the Niagara Foot has a 
significantly smaller posterior force than the 1C31+ Trias. The 1C31+ Trias is designed 
to closely match the response of the normal foot. The reduced braking/propulsion forces 
in Trial 2 and 3 correlate with a study that have compared normal gait to amputated gait, 
which shows that an amputated gait has a reduced anterior/posterior force output 
(Silverman et. al., 2008). 
Table 3. Maximum Anterior/ Posterior Force 
Maximum Anterior/ Posterior Force (N) 
  
Ottobock 
1C31+ Trias 
Niagara 
foot 
Ottobock 
1C31+ Trias 
Niagara 
foot 
  Anterior Posterior  
Trial 1 60.99 138.73 -52.24 -64.11 
Trial 2 63.94 54.64 -54.89 -40.97 
Trial 3 69.79 54.77 -59.95 -40.90 
Average 64.91 82.71 -55.69 -48.66 
5.2.3 Medial/ Lateral Ground Reaction Forces 
The ground reaction forces were also collected in the Medial/Lateral direction, 
which are observed in the frontal plane. These forces act from the center of the body to 
the outside of the knee. The center of the body would be called medial, and the outside of 
the knee would be called lateral. These forces are not necessary to calculate the moment 
at the knee in the sagittal plane, but they are shown here for completeness of the ground 
reaction forces. The medial/ lateral ground reaction forces for the Ottobock 1C31+ Trias 
can be seen in Figure 22. The amputee still maintains consistency in this direction. In the 
first trial, the amputee balanced on the affected side longer to allow his sound limb to 
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clear the other side of the force plate. At the beginning of the trial, the amputee leans 
laterally then as he enters midstance transfers his weight to the medial direction. 
Throughout each trial the amputee produces nearly the same amount of force in this 
direction with the Ottobock 1C31+ Trias. 
 
Figure 22. Ottobock 1C31+ Trias- Medial/Lateral Ground Reaction Force. +Medial/-
Lateral 
The medial/ lateral ground reaction forces can be seen for the Niagara Foot in 
Figure 23. The amputee maintains a consistent output in Trials 2 and 3. The first trial is 
the raw data collected that was converted from volts to Newtons. Due to problems with 
Peak Motus, this data was all that could be obtained. In Trials 2 and 3, the medial/ lateral 
forces show that the amputee has a reduced midstance in the Niagara Foot. In the vertical 
direction, the time and force created in midstance was reduced. The Medial/ Lateral 
ground reaction forces confirm the reduction in midstance with a nonexistent plateau that 
can be seen in Figure 22 when the amputee wears the 1C31+ Trias. The medial/ lateral 
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forces generated in Trials 2 and 3 are close to the same output generated in Potter’s study 
(Potter, 2000).  
 
Figure 23. Niagara Foot- Medial/Lateral Ground Reaction Force. +Medial/ -Lateral 
The amputee creates nearly the same amount of average force in the Ottobock 
1C31+ Trias (48.75 N) and Niagara Foot (46.74 N). The results for maximum medial/ 
lateral output can be seen in Table 4. The amputee creates almost the same amount of 
force in each trial with the Ottobock 1C31+ Trias. However, the amputee displays a little 
more difference in between trials with the Niagara Foot. 
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Table 4. Maximum Medial/Lateral Force 
Maximum Medial/ Lateral Force 
(N) 
  
Ottobock 
1C31+ Trias 
Niagara 
Foot 
Trial 1 51.56 51.56 
Trial 2 47.49 42.99 
Trial 3 47.20 45.67 
Average 48.75 46.74 
5.3 Sagittal Plane Angles 
 The hip, knee, and ankle angles were measured during each trial. The ankle and 
knee angle are the angles necessary to calculate the knee moment. The knee and ankle 
data will be shown here and discussed. The hip angle can be seen in the appendices A-F 
for all trials with each foot. While the amputee was wearing the Niagara Foot, his knee 
flexion was reduced compared to the 1C31+ Trias. The C-shape design in the Niagara 
Foot increased the ankle angle over the 1C31+ Trias. However, this additional angle did 
not seem to provide any significant improvement to the amputee’s gait. 
5.3.1 Ankle Angle 
 The ankle angle for the Ottobock 1C31+ Trias can be seen in Figure 24 for all 
three trials. The amputee strikes the force plate each time between 9-11 degrees of 
dorsiflexion. His foot plantarflexes down quickly then immediately moves into 
midstance, which is defined by the small valley on the left of the figure. As he terminates 
midstance, his foot plantarflexes down to between 5-9 degrees as he enters into his swing 
phase. The swing phase in Figure 24 can be identified as the last valley on the right hand 
of the figure. Trial 1 is longer than Trial 2 and 3 because the amputee lengthens his 
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midstance to allow his sound limb to completely clear the other side of the force plate to 
prevent double stance on the plate. 
 
 
Figure 24. Ottobock 1C31+ Trias Ankle Angle. +Dorsiflexion/ –Plantarflexion. 
 The ankle angle for the Niagara Foot is shown in Figure 25. The data collected 
from three trials shows that the amputee has a higher dorsiflexion angle at heel strike than 
the 1C31+ Trias. The amputee enters heel strike at 16-20 degrees of dorsiflexion, which 
correlates with a pilot study conducted by Perry (Perry, J. & Shanfield, S., 1993). The 
values recorded are significantly higher than the results produced by Potter in his study 
(Potter, 2000). The increased angle in the ankle with the Niagara Foot could be due to the 
rigidity of the foot compared to the 1C31+ Trias (Fey, Klute & Neptune, 2011; Ventura, 
Klute, & Neptune, 2011).  
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  Figure 25. Niagara Foot- Ankle Angle. +Dorsiflexion/ –Plantarflexion 
5.3.2 Knee Angle 
 The knee angle was significantly lower in the Niagara Foot than the 1C31+ Trias. 
The graph of the knee angle with the Ottoboack 1C31+ Trias can be seen in Figure 26. In 
the figure, the amputee shows no significant difference in knee angle using his current 
prosthetic foot. This is to be expected since the amputee uses the foot on a daily basis.  
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Figure 26. Knee Angle- Ottobock 1C31+ Trias. +Flexion/ -Extension 
 The knee angle during one gait cycle for each trial while the amputee wore the 
Niagara Foot can be seen in Figure 27. In the graph of the data from three trials, the 
Niagara Foot causes the amputee to significantly lower his knee flexion. During the 
stance phase, the amputee’s maximum knee flexion is reduced from an average of 19.83 
degrees to an average of 15.04 degrees. In the swing phase of gait, the amputee’s 
maximum knee flexion is reduced from an average of 57.09 degrees to an average of 
46.80 degrees. The Niagara Foot did not help the amputee maintain his current knee 
flexion. Once again, the lack of knee flexion could be attributed to the stiffness of the 
foot (Fey, Klute & Neptune, 2011). The foot did not compress enough during toe off to 
allow the amputee to maintain his current knee flexion.  
0
10
20
30
40
50
60
70
0.00 0.32 0.63 0.95 1.26 1.58 1.89 2.21
A
n
gl
e
 
Time (s) 
Knee Angle- Ottobock 1C31+ Trias 
Trial 1
Trial 2
Trial 3
55 
 
Figure 27. Niagara Foot- Knee Angle. +Flexion/ -Extension 
5.3.3 Outliers 
 The first trial with the Niagara foot was a successful trial, but the program did not 
filter and smooth the data. This produced noisy ground reaction forces. Since filtered and 
smoothed data was not collected from this trial, the trial will be omitted from the ankle 
and knee moment calculations. In addition, the last trial with the Ottobock 1C31+ will be 
omitted because the time at which loading response, mid-stance, and push off take place 
in the ground reaction force data does not correlate with kinematic data even after 
synchronization. This will provide a trial to trial comparison with the two trials left. 
5.4 Sagittal Plane Moments 
5.4.1 Ankle Moment 
 The ankle moment generated by the amputee for the first and last trial in the 
Ottobock 1C31+ Trias can be seen in Table 5. The ankle moment is necessary to 
calculate the knee moment. The results show that both trials are fairly consistent in the 
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amputee’s gait. The ankle moment results produced are similar to results found in another 
study (Sanderson & Martin, 1997). The ankle moment is significantly lower than the 
moment found in the Niagara Foot during loading response and midstance. However, all 
4 trials produced similar results at push-off in the Ottobock 1C31+ and the Niagara foot. 
Since so few trials exist, an average of the trials is not necessary. 
Ottobock 1C31+ Trias Maximum Ankle Moment (N*m) 
Trial Loading Response Midstance Push-Off 
1 -4.52 -5.22 -8.00 
2 -5.96 -6.25 -7.83 
 
Table 5. Ankle Moment- Ottobock 1C31+ Trias  
In Table 6, the results of the ankle moment for the Niagara Foot can be seen. The 
“C” section of the foot is uniquely designed to act like an ankle joint. The ankle portion 
of the foot is shaped like an “S” shape that creates a joint that the amputee utilizes to 
change location as the amputee’s center of mass moves forward over the foot. The “S” 
curve that the foot forms can be viewed as two “C” curves on top of each other. When the 
amputee initiates contact with the ground the top “C” curve opens, which allows the 
bottom “C” curve to compress and plantarflex towards the ground. As the amputee moves 
into midstance, the top “C” curve begins to close to allow weight acceptance. As the 
amputee’s center of mass progresses forward, the top “C” curve closes completely,  while 
the bottom “C” curve opens up to allow dorsiflexion for the shank to rotate forward with 
respect to the foot (Potter, 2000).  
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 With an understanding of how the ankle joint works on the Niagara Foot, the 
results show the effectiveness of the design. The moments produced by the amputee for 
each trial in the Niagara Foot correlate in value with other studies of normal walking gait 
(Collins, 2008; Winter, 1983; Matjačić, 2009). In addition, the foot matches the results 
determined by other studies for Dynamic Response feet (Geil, Parnianpour, & Berme, 
1999). The increased ankle moment could be caused by the increased stiffness (Fey, 
Klute & Neptune, 2011; Ventura, Klute, & Neptune, 2011). Even though the Niagara 
Foot helps the amputee restore an ankle moment similar to a non-amputee, the amputee 
does not show any improvement in gait with this foot during observation. 
Niagara Foot Ankle Moment (N*m) 
Trial Loading Response Midstance Push-Off 
1 
-19.78 -14.94 -8.82 
2 
-21.70 -16.15 -7.34 
 
Table 6. Ankle Moment- Niagara Foot 
5.4.2 Knee Moment 
 In Table 7, the knee moment results for the Ottobock 1C31+ Trias can be seen. 
The increased values in trial 2 are attributed to the increase in the knee angle during the 
trial compared to the first trial. The increased knee angle is due to the amputee having to 
adjust his gait to clear the force plate. Loading response for the Ottobock 1C31+ is lower 
than in the Niagara foot. However, push-off with the Ottobock 1C31+ is much higher 
than the Niagara foot. The increased moment from loading response to push-off seems to 
58 
show that the Ottobock 1C31+ helps return energy that was stored initially at heel strike. 
Energy is a product of the moment and angular velocity. 
Ottobock 1C31+ Maximum Knee Moment (N*m) 
Trial Loading Response  Midstance Push-Off 
1 -37.38 -67.20 -79.21 
2 -45.16 -73.28 -82.47 
Table 7. Ottobock 1C31+- Maximum Knee Moment 
The Niagara foot knee moment results can be seen in Table 8. Unlike the 1C31+ 
Ottobock Trias, very little variation is exhibited between phases during each trial. This 
could be due to the amputee still adjusting to the foot as well as the stiffness in the foot. 
In trial 2, the moment produced during midstance is less than trial 1 and does not follow 
the trend of increased moment at heel strike to decreased moment at push-off. The 
decreased moment at midstance is due to a decrease in the knee angle at that time. The 
results of the knee moment correlate with other studies conducted for normal walking 
(Collins, 2008; Matjačić, 2009; Vanicek et. al., 2009; Ventura, Klute, & Neptune, 2011). 
In addition, the values obtained correlate with other studies of the Niagara Foot (Potter, 
2000; Wellens, 2011). The values in these studies were normalized to body weight. The 
results show that the Niagara foot stores most of the energy at heel strike but does not 
help return it on push-off, where energy is a product of the moment and angular velocity. 
The consistent knee moment produced by the amputee for each phase of gait during each 
trial could be contributed to a few factors.  
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 First, the foot’s stiffness does not allow any form of shock absorption. The 
increased stiffness of the foot puts additional loading on the knee. In the case of this 
study, the amputee reduced his knee flexion/ extension angle because he was 
experiencing more discomfort in his knee with this foot than with his current foot. The 
amputee wore additional liners and socks to reduce the loading on his residual limb. 
Second, the increased stiffness and hard material of the foot caused the foot to slip while 
under load sometimes, which could contribute to the decrease of the reaction forces and 
increased moments at heel strike. In addition, if the foot had a tendency to slip the 
amputee wanted to walk with his leg extended rather than flexed to maintain balance. 
During the trials, the prosthetist did apply Sole Saver, which helped reduce the twisting 
and rotation of the foot while under load. Sole Saver is placed on the bottom of prosthetic 
feet to prevent it from excessive wear and damage. 
Niagara Foot Knee Moment (N*m) 
Trial Loading Response Midstance Push-Off 
1 -73.50 -67.24 -62.52 
2 -68.08 -59.99 -62.65 
Table 8. Niagara Foot Knee Moment 
5.5 Amputee Survey 
 Gait analysis of an individual to assess gait deviations provides valuable 
information, but without the individual’s input, the assessments and treatments are 
ineffective (Hafner et. al., 2002). The amputee was asked to complete a 10 question 
survey of the Niagara Foot. The survey can be seen in Appendix H. The questions were 
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mainly based on the comfort level, appearance, functionality, and feelings about the foot. 
Overall, the amputee would recommend the foot as a low cost alternative for an amputee. 
He compared the foot to the performance of the SACH foot, and he would not 
recommend the foot as a long term solution. The amputee rated the foot as average. He 
thought the weight of the foot was good. In addition, he was pleased with walking, 
standing, and the adjustment to the foot. However, he was dissatisfied with the stiffness 
of the foot, and he thought it was average. The appearance of the foot was not an issue 
with him and he appreciated the balance the foot provided. The amputee would 
recommend the foot to somebody in need of one.  
5.6 Summary 
The amputee produced lower ground reaction forces in the anterior/ posterior 
direction (Vrieling et. al., 2008) and during midstance in the vertical direction while 
using the Niagara Foot.  In addition, while walking in the Niagara Foot, the amputee 
walked with a reduced knee flexion angle. The cause of this reduced knee flexion could 
be due to the foot’s stiffness. The amputee noted this in the survey and mentioned this 
several times that the foot was more rigid than his current foot. The stiffness and rigidity 
of the Niagara Foot may have reduced the amputee’s ability to strike the force plate with 
only his affected side. Observation of the amputee during the study showed that the 
amputee struck the force plate more with both feet wearing the Niagara Foot than with 
the 1C31+ Trias. Furthermore, the amputee generated a significantly higher ankle 
moment with the Niagara Foot at loading response and midstance than with the 1C31+ 
Trias.  The knee moment generated at loading response with the Niagara Foot was much 
higher than the 1C31+ Trias. 
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Chapter 6 Conclusion 
 This study attempted to characterize the knee moment using the Niagara Foot. In 
characterizing the knee moment, each area of the kinematic and kinetic data collected 
were analyzed to determine if those areas significantly affected the response of the knee. 
The data showed decreased vertical forces at midstance, decreased anterior/posterior 
forces within trials, increased ankle dorsiflexion, and decreased knee flexion due to the 
Niagara Foot compared to his other prosthetic foot. However, due to the very low number 
of trials, a firm conclusion about the significant effects of the foot cannot be drawn. This 
study did show that the Niagara Foot will cause a deviation from the amputee’s gait when 
worn. In addition, only one amputee was used in the study, which means the results 
cannot be applied more generally to an amputee population.  
 The Niagara Foot did have a significant impact on the ankle and knee moment, 
which was expected by the foot. The ankle and knee moment results for the Ottobock 
1C31+ and the Niagara foot showed that the amputee generated higher moments in the 
Niagara foot, which would mean more energy would be required to use the foot. 
Observation of the amputee’s gait during the walking trials also followed the data 
collected, the amputee clearly walked better with his current prosthetic foot than with the 
Niagara Foot. However, the appropriate foot for an amputee’s needs and expectations 
must be determined by the amputee. Gait and visual analysis is very beneficial, but 
ultimately, the amputee has to determine the foot that best fits his needs. In this study, 
comparing the Niagara Foot to the Ottobock 1C31+ Trias is a little bit of a disadvantage 
to the Niagara Foot. However, this comparison gives a baseline of how the Niagara Foot 
compares to a more technically advanced prosthetic foot.  
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 Valuable information was gathered from this study to evaluate the performance 
of the Niagara Foot. The Niagara Foot is a good low cost prosthetic solution, and the 
design of the foot should continue to progress to improve the lives of amputees in 
developing countries. Future work with the Niagara Foot should involve determining the 
power output and energy used to walk in the foot along with increasing the number of 
trials and amputees used in the study. In addition, Niagara Orthotics and Prosthetics has 
developed a new model of this foot, and research should be conducted on how well the 
new model has improved the mechanical and functional characteristics of the old model.
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Appendix A: Niagara Foot Trial 1 Kinetic and Kinematic Data 
The following appendices A-F show kinetic and kinematic data for trial. 
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Appendix A- continued 
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Appendix B: Niagara Foot Trial 2 Kinetic and Kinematic Data 
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Appendix B- continued 
 
 
Ankle Moment: Niagara Foot-Trial 2 (N*m) 
Loading Response Midstance Push-Off 
-19.78 -14.94 -8.82 
 
 
Knee Moment: Niagara Foot- Trial 2 (N*m) 
Loading Response Midstance Push-Off 
-73.50 -67.24 -62.52 
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Appendix C: Niagara Foot Trial 3 Kinetic and Kinematic Data 
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Ankle Moment: Niagara Foot-Trial 3 (N*m) 
Loading Response Midstance Push-Off 
-21.70 -16.15 -7.34 
 
 
Knee Moment: Niagara Foot- Trial 3 (N*m) 
Loading Response Midstance Push-Off 
-68.08 -59.99 -62.65 
 
 
  
80 
Appendix D: Ottobock 1C31+ Trias Trial 1 Kinetic and Kinematic Data 
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Appendix D- continued 
 
Ankle Moment: Ottobock 1C31+ Trias- Trial 1 (N*m) 
Loading Response Midstance Push-Off 
-4.52 -5.22 -8.00 
 
 
Knee Moment: Ottobock 1C31+ Trias- Trial 1 (N*m) 
Loading Response Midstance Push-Off 
-37.38 -67.20 -79.21 
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Appendix E: Ottobock 1C31+ Trias Trial 2 Kinetic and Kinematic Data 
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Appendix E- continued 
 
Ankle Moment: Ottobock 1C31+ Trias- Trial 2 (N*m) 
Loading Response Midstance Push-Off 
-5.96 -6.25 -7.83 
 
 
Knee Moment: Ottobock 1C31+ Trias- Trial 2 (N*m) 
Loading Response Midstance Push-Off 
-45.16 -73.28 -82.47 
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Appendix F: Ottobock 1C31+ Trias Trial 3 Kinetic and Kinematic Data 
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Appendix G: Ground Reaction Forces with Double Stance on Force Plate 
This appendix contains some trials of the ground reaction forces recorded for both feet when the 
amputee stepped on the force plate with both feet. Not all ground reaction force directions 
recorded double stance because only part of the foot would land on the force plate. Normally, the 
back of the amputee’s heel landed on the force plate, so the anterior/posterior force direction 
showed an additional posterior force in the results. However, an additional reaction force could 
be recorded in any direction. 
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Appendix H: Amputee Survey 
This appendix provides the survey the amputee answered in regards to his perception of the 
response, appearance, and functionality of the foot. 
Niagara Foot Survey 
Please answer the questions below about how you feel the Niagara Foot compares to the foot you are wearing. 
There is no right or wrong answer for each question.  
1. Do you like the Niagara Foot?  Yes  No 
2. How would you rate the Niagara Foot? 
 
Poor Fair Average  Good        Excellent 
3. How would you rate the weight of the Niagara Foot? 
Poor Fair Average  Good        Excellent 
4. How would you rate walking in the Niagara Foot? 
Poor Fair Average  Good        Excellent 
5. How would you rate standing in the Niagara Foot? 
Poor Fair Average  Good        Excellent 
6. How would you rate adjusting to the Niagara Foot? 
Poor Fair Average  Good        Excellent 
7. How would you rate the stiffness of the Niagara Foot? 
Poor Fair Average  Good        Excellent 
8. How would you rate the appearance of the Niagara Foot? 
Poor Fair Average  Good        Excellent 
9. How would you rate your balance in the Niagara Foot? 
Poor Fair Average  Good        Excellent 
10. Would you recommend the Niagara Foot?  Yes No 
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Appendix I: Ottobock 1C31+ Trias Anthropometry 
Anthropometric data for the amputee while wearing the Ottobock 1C31+ Trias. The first 8 values 
listed were measured. The rest of the values after them are calculated using Winter’s link 
segment approach. The highlighted values are the values listed in the MATLAB script. 
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 Appendix J: Niagara Foot Anthropometry 
Anthropometric data for the amputee while wearing the Niagara Foot. The first 8 values listed 
were measured. The rest of the values after them are calculated using Winter’s link segment 
approach. The highlighted values are the values listed in the MATLAB script. 
                              
                             
                                
                                
                                
                                   
                                     
                                  
                                                    
                     (  )                 
                                                 
                                 (  )              
                                                   
                                            (      )           
√                    
                                                      
                
                            (
  
   
)             
                                                                
                                           (       )
 
             
                                          (       )                 
97 
Appendix K: MATLAB Moment Calculation 
This appendix contains the MATLAB script used to calculate the moment at the ankle and knee 
for each trial. One script was developed for the Niagara Foot, and another script was developed 
for the Ottobock 1C31+ Trias. 
%% Niagara Foot Moment Calculation 
  
clear 
   
%% This part of the script imports the data from Excel that will be used to 
calculate the moment at the ankle and knee 
 
%% Import the data 
[~, ~, raw] = xlsread('C:\Users\Kerron\Documents\MATLAB\Momentdata- 
Niagara2(Trial7).xlsx','Sheet1'); 
raw = raw(2:end,:); 
  
%% Create output variable 
data = cell2mat(raw); 
  
%% Allocate imported array to column variable names 
columnA = data(:,1);    %% Angular acceleration of the ankle in Degrees/sec^2 
alphaf = data(:,2);     %% Angular acceleration of the ankle conversion to 
Rad/sec^2 
columnC = data(:,3);    %% Angular acceleration of the knee in Degrees/ sec^2 
alphak = data(:,4);     %% Angular acceleration of the knee conversion to 
Rad/ sec^2 
columnE = data(:,5);    %% Ankle angle in Degrees 
thetaa = data(:,6);     %% Ankle angle conversion from Degrees to Radians 
columnG = data(:,7);    %% Knee angle in Degrees 
thetak = data(:,8);     %% Knee angle conversion from Degrees to Radians 
columnI = data(:,9);    %% Blank column 
r_GRF = data(:,10);         %% Radius to Ground Reaction Force 
GRFz = data(:,11);      %% Vertical Ground Reaction Force 
GRFx = data(:,12);      %% Anterior/ Posterior Ground Reaction Force 
aanklex = data(:,13);   %% Acceleration of the ankle in the x-direction 
aankley = data(:,14);   %% Acceleration of the ankle in the y-direction 
akneex = data(:,15);    %% Acceleration of the knee in the x-direction 
akneey = data(:,16);    %% Acceleration of the knee in the y-direction 
  
%% Clear temporary variables 
clearvars data raw columnIndices; 
  
%% The weight of the amputee and gravity constant 
M=67.1317; 
g=9.81; 
  
W_NF=.368544;   %% Mass of the foot 
L_NF=.219980;   %% Length of the foot 
r_NF_COM= 0.118; %% Radius to center of mass  
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I_NF= .004024;  %% Moment of Inertia of foot 
  
%% Moment of the ankle equation 
M_ankle= I_NF*alphaf-W_NF*g*r_NF_COM*sin(thetaa)-r_GRF*(sin(thetaa).*GRFz-(-
cos(thetaa)).*GRFx)+alphaf*W_NF*(r_NF_COM)^2+r_NF_COM*W_NF*(sin(thetaa).*aank
ley-(-cos(thetaa)).*aanklex); 
  
I_LL= .016176;      %% Moment of inertia of the lower leg 
r_LL_COM= .141602;  %% Radius to center of mass of lower leg 
W_L= 1.65844;       %% Weight of lower leg 
L_p= .327025;       %% Length of lower leg 
  
%% Moment of the knee equation 
M_knee= M_ankle + I_LL*alphak + r_LL_COM*W_L*(sin(thetak).*(akneey-g)-(-
cos(thetak)).*akneex) + (r_LL_COM)^2*W_L*alphak + 
W_NF*L_p*(sin(thetak).*aankley-(-cos(thetak)).*aanklex-g) + 
W_NF*r_NF_COM*L_p*alphaf.*(sin(thetak).*sin(thetaa)+(-cos(thetak)).*(-
cos(thetaa))) + L_p*(-(sin(thetak)).*GRFz+(-cos(thetak)).*GRFx); 
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%% Ottobock 1C31+ Trias Calculation 
  
clear 
  
%% This part of the script imports the data from Excel that will be used to 
calculate the moment at the ankle and knee 
  
%% Import the data 
[~, ~, raw] = xlsread('C:\Users\Kerron\Documents\MATLAB\Momentdata-
Trias1(Trial3).xlsx','Sheet1'); 
raw = raw(2:end,:); 
  
%% Create output variable 
data = cell2mat(raw); 
  
%% Allocate imported array to column variable names 
columnA = data(:,1);    %% Angular acceleration of the ankle in Degrees/sec^2 
alphaf = data(:,2);     %% Angular acceleration of the ankle conversion to 
Rad/sec^2 
columnC = data(:,3);    %% Angular acceleration of the knee in Degrees/ sec^2 
alphak = data(:,4);     %% Angular acceleration of the knee conversion to 
Rad/ sec^2 
columnE = data(:,5);    %% Ankle angle in Degrees 
thetaa = data(:,6);     %% Ankle angle conversion from Degrees to Radians 
columnG = data(:,7);    %% Knee angle in Degrees 
thetak = data(:,8);     %% Knee angle conversion from Degrees to Radians 
columnI = data(:,9);    %% Blank column 
r_GRF = data(:,10);         %% Radius to Ground Reaction Force 
GRFz = data(:,11);      %% Vertical Ground Reaction Force 
GRFx = data(:,12);      %% Anterior/ Posterior Ground Reaction Force 
aanklex = data(:,13);   %% Acceleration of the ankle in the x-direction 
aankley = data(:,14);   %% Acceleration of the ankle in the y-direction 
akneex = data(:,15);    %% Acceleration of the knee in the x-direction 
akneey = data(:,16);    %% Acceleration of the knee in the y-direction 
  
%% Clear temporary variables 
clearvars data raw columnIndices; 
  
%% The weight of the amputee and gravity constant 
M=67.1317; 
g=9.81; 
  
W_OT=.379;      %% Mass of the foot 
L_OT=.22;       %% Length of the foot   
r_OT_COM= .117;  %% Radius to center of mass  
I_OT= .00414;   %% Moment of inertia of foot 
  
%% Moment of the ankle equation 
M_ankle= I_OT*alphaf-W_OT*g*r_OT_COM*sin(thetaa)-r_GRF.*(sin(thetaa).*GRFz-(-
cos(thetaa)).*GRFx)+alphaf*W_OT*(r_OT_COM)^2+r_OT_COM*W_OT*(sin(thetaa).*aank
ley-(-cos(thetaa)).*aanklex); 
100 
 Appendix K- continued 
 
I_LL= .013738;      %% Moment of inertia of teh lower leg 
r_LL_COM= .136103;  %% Radius to center of mass of lower leg 
W_L= 1.53458;  %% Weight of lower leg 
L_p= .314325;  %% Length of lower leg 
 
  
%% Moment of the knee equation 
M_knee= M_ankle + I_LL*alphak + r_LL_COM*W_L*(sin(thetak).*(akneey-g)-(-
cos(thetak)).*akneex) + (r_LL_COM)^2*W_L*alphak + 
W_OT*L_p*(sin(thetak).*aankley-(-cos(thetak)).*aanklex-g) + 
W_OT*r_OT_COM*L_p*alphaf.*(sin(thetak).*sin(thetaa)+(-cos(thetak)).*(-
cos(thetaa))) + L_p*(-(sin(thetak)).*GRFz+(-cos(thetak)).*GRFx); 
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Appendix L: Consent Form 
 
THE UNIVERSITY OF TEXAS AT TYLER 
Informed Consent to Participate in Research 
 
Institutional Review Board # F2012-02 
Approval Date: August 26, 2012 
 
1. Project Title: Characterization of the knee moment using the Niagara Foot: A Case 
Study    
 
2. Principal Investigator: Kerron James 
 
3. Participant’s Name:   
 
To the Participant:   
 
You are being asked to take part in this study at The University of Texas at Tyler 
(UT Tyler). This permission form explains: 
 Why this research study is being done.  
 What you will be doing if you take part in the study.  
 Any risks and benefits you can expect if you take part in this study. 
 
After talking with the person who asks you to take part in the study, you should be able 
to: 
 Understand what the study is about.  
 Choose to take part in this study because you understand what will happen 
4. Description of Project 
The Niagara Foot is a low cost prosthetic foot that is used in third world countries. The foot is 
designed to work as an energy return foot. According to field trials, this foot has a significant 
effect on the prosthetic system while an amputee wears the foot. This study will look at the 
effects of the foot on the knee more closely. The purpose of the study is to characterize the 
effects of the foot on the knee. 
5. Research Procedures   
 
If you agree to be in this study, we will ask you to do the following things: 
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 You will be asked to perform 5-10 walking exercises across the room while trying to land 
on the center of the ‘X’ on the floor with the Niagara Foot. Also, markers will be placed 
on your legs to record your movements in the room.  
 You will be asked to perform 5-10 walking exercises across the room while trying to land 
on the center of the ‘X’ on the floor with your current prosthetic. Also, markers will be 
placed on your legs to record your movements in the room. 
 You may be asked to meet again if more information is needed. 
 
6. Side Effects/Risks   
 
The Niagara Foot could break. However, since you are under the weight limit the foot 
was designed to be used, we do not anticipate that happening. There is a minimal 
chance of falling. I or a research assistant will walk alongside you to prevent this from 
occurring. The prosthetist and I will be here to assist you with any problems that you 
are experiencing.  
 
7. Potential Benefits  
 
This study could help understand the importance of the effects of the foot on the knee. It could 
benefit prosthetist by providing a way to prescribe prosthetic feet for patients. 
Understanding of Participants 
 
8. I have been given a chance to ask any questions about this research study. The 
researcher has answered my questions.  
 
9.  If I sign this consent form I know it means that: 
 
 I am taking part in this study because I want to. I chose to take part in this study 
after having been told about the study and how it will affect me. 
 
 I know that I am free to not be in this study.  If I choose to not take part in the 
study, then nothing will happen to me as a result of my choice. 
 
 I know that I have been told that if I choose to be in the study, then I can stop at 
any time. I know that if I do stop being a part of the study, then nothing will 
happen to me. 
 
 I will be told about any new information that may affect my wanting to continue to 
be part of this study. 
 
 The study may be changed or stopped at any time by the researcher or by The 
University of Texas at Tyler. 
 
103 
Appendix L- continued 
 The researcher will get my written permission for any changes that may affect 
me. 
 
10. I have been promised that that my name will not be in any reports about this 
study unless I give my permission.  
 
11. I also understand that any information collected during this study may be shared 
as long as no identifying information such as my name, address, or other contact 
information is provided). This information can include health information. 
Information may be shared with: 
 
 Organization giving money to be able to conduct this study 
 Other researchers interested in putting together your information with information 
from other studies 
 Information shared through presentations or publications 
 
12. I understand The UT Tyler Institutional Review Board (the group that makes sure 
that research is done correctly and that procedures are in place to protect the 
safety of research participants) may look at the research documents. These 
documents may have information that identifies me on them. This is a part of 
their monitoring procedure. I also understand that my personal information will 
not be shared with anyone.  
 
13. I have been told about any possible risks that can happen with my taking part in 
this research project.   
 
14. I also understand that I will not be given money for any patents or discoveries 
that may result from my taking part in this research. 
 
15. If I have any questions concerning my participation in this project, I will contact 
the principal researcher:  Kerron James at 281-745-1521 or email 
Kerron.James@gmail.com. 
 
16. If I have any questions concerning my rights as a research subject, I will contact 
Dr. Gloria Duke, Chair of the IRB, at (903) 566-7023, gduke@uttyler.edu, 
or the University’s Office of Sponsored Research:  
 
The University of Texas at Tyler 
c/o Office of Sponsored Research 
3900 University Blvd 
Tyler, TX  75799 
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I understand that I may contact Dr. Duke with questions about research-related 
injuries. 
 
17.  CONSENT/PERMISSION FOR PARTICIPATION IN THIS RESEARCH STUDY 
 
I have read and understood what has been explained to me. I give my permission 
to take part in this study as it is explained to me. I give the study researcher 
permission to register me in this study. I have received a signed copy of this 
consent form. 
 
_____________________________   _ ___  _ __________     _________ 
Signature of Participant  Date 
 
 ____________________________   _______ __________      ______________ 
  Signature of Person Responsible (e.g., legal guardian) Relationship to Participant 
 
_____________________________________  
Witness to Signature  
 
18. I have discussed this project with the participant, using language that is 
understandable and appropriate. I believe that I have fully informed this 
participant of the nature of this study and its possible benefits and risks. I believe 
the participant understood this explanation. 
 
 
  _________________________________ _______________ 
  Researcher/Principal Investigator     Date 
 
 
 
 
